Introduction
============

The craniovertebral junction (CVJ) has complicated anatomical and functional properties that allow complex mobility. It consists of multiple joints, such as the atlanto-occipital and atlanto-axial joints, which function as a mobile unit allowing flexion, extension, and a wide range of rotation. Ligaments and muscles play an important role in maintaining the stability of this unit. As a result, the stability of the CVJ is vulnerable to trauma and other pathologies. It also encloses important neurological and vascular organs, such as the medulla oblongata, spinal cord, and vertebral arteries (VAs). Therefore, special consideration is necessary for surgery at the CVJ.

Surgical intervention at the CVJ includes resection or decompression in pathological conditions and stabilization. In this review article, the current status of surgical interventions for stabilization of the CVJ is reviewed.

Classification of Surgical Approaches
=====================================

Surgical approaches to stabilization methods are classified as either anterior or posterior approaches, most of which are posterior approaches.^[@B1]--[@B3]^ Anterior odontoid screw fixation is most likely the only established anterior approach. Although the indications are relatively limited, it is an indispensable method for stabilizing an odontoid fracture while maintaining axial rotation. In contrast, there are several posterior approaches, and they can be largely classified as either atlanto-axial fixation or occipito-cervical (O-C) fixation.

I.. Anterior odontoid screw fixation
------------------------------------

Odontoid fractures account for up to 15% of cervical spine fractures and have an increased incidence in elderly patients.^[@B4]^ A widely used classification system for odontoid fractures is the Anderson and D'Alonzo classification system.^[@B5]^ Type II fractures, in which the fracture line extends through the base of the odontoid process, are common fractures associated with higher nonunion rates of up to 78% for patients with dens dislocation of 6 mm or greater.^[@B6]^ Risk factors for nonunion with nonsurgical treatment include the degree of fracture displacement (\> 6 mm) and angulation (\> 10 degrees), old age (\> 40--65 years), posterior odontoid displacement, delayed diagnosis, and communication of the dens base. The established guidelines indicate that patients older than 50 years should undergo surgical treatment.^[@B7]^

Anterior odontoid screw fixation was initially described in a Japanese orthopedic journal in 1980 by Nakanishi et al.^[@B8]^ This paper is not properly acknowledged outside of Japan, and instead, a paper published by Bohler in 1982 has received international recognition for this method.^[@B9]^ The basic concept of this method is to obtain direct osteosynthesis using single or double screws that traverse the fracture line. The greatest advantage of this method over posterior atlanto-axial fixation is the maintenance of atlanto-axial mobility, including axial rotation.^[@B10]^ Other advantages include eliminating the need for bone grafting, less invasiveness, and less soft tissue dissection via a limited anterior cervical exposure. The disadvantages are its limited indications and technical difficulty.

The anterior odontoid screw fixation is indicated when all the following requirements are fulfilled: (1) an acute type II odontoid fracture before fibrous union of the fracture line begins, (2) an intact cruciate ligament, (3) a reducible odontoid fracture, and (4) an accessible anterior cervical oblique trajectory. An appropriate period between injury and surgery is usually less than a month, although Apfelbaum et al. accepts longer periods of up to 6 months.^[@B11]^ An intact cruciate ligament, particularly the transverse ligament, is a necessary condition for applying this technique. Ligament damage can be suspected by soft tissue damage observed on axial magnetic resonance imaging (MRI) or wider displacement of the C1 lateral mass on coronal X-ray or computed tomography (CT). The anterior cervical oblique screw trajectory might not be accessible in patients with a thick thoracic barrel and short neck. Accessibility should be evaluated preoperatively in each patient with a lateral X-ray image. The strict indications of this method limit the number of applicable patients. In a series of surgeries I performed in 20 patients for type II odontoid fractures, anterior odontoid screw fixation was selected in 55% of the patients, whereas posterior fixation was selected in the remaining patients because they were outside of the above-mentioned indications.

The steps for the surgical procedure can be described briefly ([Fig. 1](#F1){ref-type="fig"}). The patient is placed in a supine position with slight cervical hyperextension to facilitate reduction of the odontoid dislocation and anterior cervical oblique screw trajectory. Biplane fluoroscopic guidance is highly recommended for accurate screw placement ([Fig. 1A](#F1){ref-type="fig"}). A transverse skin incision at the C5--6 level or an oblique incision along the sternocleidomastoid muscles is used. Personally, I prefer the oblique incision because it facilitates preparation of the screw insertion at the C2--3 intervertebral disc space and uses an oblique screw trajectory, which is aimed at the odontoid from the C5--6 level ([Fig. 1B](#F1){ref-type="fig"}). After the incision is made the intervertebral disc at C2/3 is exposed. The superior central portion of the C3 vertebral body is drilled out to facilitate an oblique trajectory for inserting the K-wire with a guide ([Fig. 1E](#F1){ref-type="fig"}). Then, the superior central portion of the C2--3 annulus is removed, and the anterior inferior lip of the C2 body is exposed. A K-wire is advanced with a guide using biplane fluoroscopic guidance through the inferior edge of the C2 body facing the disc space and traversing the fracture line and apical cortex of the odontoid fracture fragment. The drill bit is then advanced through the C2 body, and the cannulated titanium lag screw is inserted into the tip of the odontoid process, just penetrating the apical cortex. Bicortical purchase is recommended for solid fixation ([Fig. 1E](#F1){ref-type="fig"}).

The average complication rate was estimated at 9.5%. Such complications are predominantly a result of hardware failure, with the most common cause including a screw pullout from the C2 body or breakage of the anterior cortex of C2.^[@B11],[@B12]^ Double anterior odontoid screws have not shown a biomechanical advantage over a single screw.^[@B13]^ Furthermore, double anterior odontoid screw insertion is difficult in patients with a smaller body size, such as individuals of an Asian race.

II.. Posterior atlanto-axial fixation
-------------------------------------

Fixation procedures can be classified as interlaminar grafting and wiring methods or screw-rod fixation methods. Interlaminar grafting and wiring methods were first described by Gallie and have been modified by Brooks and others.^[@B14]--[@B16]^ These techniques require intact C1--2 posterior elements, such as the C1 posterior arch and the C2 lamina. Stability can be obtained at the atlanto-axial joints with the graft and cable construct through dorsal wiring of the C1 posterior arch, strut bone graft, and C2 lamina, which serves as a tension band that restricts extension and flexion. However, the ability of this method to restrict axial rotation is inferior. Furthermore, wire loosening, atrophy of grafted bone, and bony erosion at the interface between the wire and bony strut are potential risks for failed bone union. Therefore, these methods include semi-rigid fixation and thus allow limited stabilization of cervical motion. These methods must be supplemented with a rigid, external orthosis until the bone fusion is complete. However, a substantially high rate of failed union has been reported because it is not easy for most patients to wear a rigid external orthosis consistently.^[@B17]--[@B19]^ Consequently, more rigid screw-rod fixation methods have become popular and are typically the first choice in most adult patients and even in some children with mature spines. These methods include transarticular screw fixation at the C1--2 and C1 lateral mass and C2 screw and rod fixation.

### 1.. C1-2 transarticular screw fixation (Magerl's method)

This method was first described by Magerl and Seeman in 1987.^[@B20]^ The lateral atlanto-axial joints are fixed with screws transarticularly inserted from the back ([Fig. 2](#F2){ref-type="fig"}). This method is usually combined with interlaminar grafting and wiring techniques to reinforce the stability of flexion-extension movements. This is a revolutionary method in arthrodesis at the CVJ because it is the first to use screws for a posterior fixation device. This method can achieve immediate rigid fixation with high fusion rates.^[@B20],[@B21]^ However, there are some limitations to this method. The screw placement is technically demanding, and there are substantial risks for vertebral artery (VA) injury. Indications are limited for patients with (1) a reducible AAD, (2) a sufficient volume of the C2 pedicles or pars interarticularis without a high-riding VA, and (3) an accessible posterior cervical oblique screw trajectory.

Transarticular screw placement is technically demanding. Extensive preoperative imaging studies are essential to determine a safe screw trajectory that avoids VA injury. These include plain X-ray films with extension and flexion, CT with sagittal reformatting, and three-dimensional (3D)-CT angiography. The size of the C2 pars interarticularis may limit this approach in up to 20% of adult patients.^[@B22]^ In particular, patients with rheumatoid arthritis (RA) should be carefully evaluated because 70% of patients in a Japanese population with RA had a high-riding VA.^[@B23]^ In patients with hypolastic or anaplastic VA, screw insertion to the dominant VA should be avoided or performed with extreme caution. It was reported that single C1/2 transarticular screws combined with interlaminar bone graft wiring had good postoperative results and sufficient biomechanical stability.^[@B24],[@B25]^ Use of navigation systems is highly recommended for this method to facilitate preoperative evaluation of indications and proper screw trajectories, in addition to improving intraoperative accuracy and safety.

A brief technical description of this method is presented below. The patients are placed in the prone position, reducing atlanto-axial subluxation under lateral fluoroscopy, and their heads are fixed with a head frame. Reduction of AAD can be achieved by the retracted head position, which also facilitates the screw trajectory. The laminae of C1 through C3 and the articular facets at C1/2 are exposed via a midline skin incision. When navigation is planned preoperatively, the reference frame is installed at the C2 spinous process. First, K-wire is inserted along the screw trajectory via a single long midline skin incision down to the cervicothoracic junction. The K-wire also can be inserted via bilateral stab incisions at the T1 level and passing a guide trocar percutaneously through the two incisions. The typical entry point of the screw at the C2 inferior fact is a few millimeters superior to the C2--3 facet joint and a few millimeters lateral to the lamina-lateral mass junction. However, the exact entry point depends on the patient's bony anatomy; therefore, it must be determined for each patient based on the preoperative image. From this entry point, the K-wire is advanced through the C1/2 lateral joints and is aimed at the upper part of the anterior arch of C1 based on the lateral X-ray image and the navigation guidance. The most medial and posterior parts of the isthmus of C2 are recommended for safe screw trajectory in patients with a high-riding VA.^[@B26]^ Once the guide wire is properly inserted through the facet joint, motion between C1 and C2 is prevented. The screw length is measured, which is usually 36 mm to 40 mm. After drilling and tapping, screws are inserted along the K-wire. Finally, bone grafting and wiring are achieved according to the methods described by Gallie, Brooks et al., or others ([Fig. 2C](#F2){ref-type="fig"}).

The VA injury rate is reported to be 4.1% per patient.^[@B27]^ Cases of suspected vascular injury should be promptly evaluated with angiography immediately after the surgery. Angiographic findings suggesting VA injury include VA dissection with partial or complete occlusion and arteriovenous fistulas. Pulsatile bruit can be audible in patients with arteriovenous fistulas. One of the most serious complications is embolic infarction of the brainstem or cerebellum from a dissected, partially occluded, or recanalized VA. Patients with these conditions should be treated with an appropriate endovascular procedure and/or anticoagulant therapy.

### 2.. C1 lateral mass and C2 anchor screw fixation method (Goel-Harms method)

The method of C1 lateral mass screws connecting the C2 anchor screws has recently become popular because of its wide applications and safety ([Figs. 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}). Goel and Laheri originally described atlanto-axial fixation with C1 lateral mass screws and plates, in 1994.^[@B28]^ In their technique, the C1 lateral mass screws and the C2 pars screws were fixed via a plate. Therefore, complete exposure of the posterior surface of the lateral atlanto-axial joints by cutting the C2 nerve root was required to place the plates and screws. In contrast, Harms et al. described in 2000 a rigid C1--2 fixation technique that uses polyaxial anchor screws inserted individually into the C1 lateral mass and C2 pedicle, which were connected via rods.^[@B29]^ The indication of this method was later expanded in 2004 by Wright who reported using translaminar screws for the C2 anchor instead of C2 pedicle screws.^[@B30]^ Thus, pedicle screws, pars screws, or laminar screws can be used safely for the C2 anchor screw. Therefore, this method will likely be named the Goel-Harms-Wright method.

The advantages of this method over the Magerl's transarticular method are as follows: (1) wider indications, (2) simplicity of each screw trajectory, and (3) feasibility of intraoperative reduction. Almost all adult patients with atlanto-axial dislocation can be treated with this method. The C1 lateral mass is usually large enough for lateral mass screws in adults. For the C2 anchor, appropriate screws can be selected from among pedicle, pars articularis, or translaminar screws. Translaminar screws can be used in most patients with few exceptions and can even be used in patients with small pedicles. The screw trajectory for anchor screws is usually more straightforward in the sagittal and axial planes than that of transarticular screws, which have a strong oblique trajectory. Therefore, screw placement is usually simpler. Further reduction of AAD can be achieved between screws at C1 and C2 by using a persuader device.

#### i.. C1 lateral mass screw

This is the fundamental anchor screw in the C1 lateral mass and C2 anchor screw (Goel-Harms-Wright) method ([Figs. 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}). Technically, there are three variations for screw placement to the C1 lateral mass, such as the Goel-Harms' method,^[@B28],[@B29]^ Tan's method,^[@B31]^ and the notch method.^[@B32]^ The screws are directly inserted into the lateral masses in the Goel-Harms method. In Tan's method, the screw is inserted into the lateral mass via the posterior arch. The C1 posterior arch must be large enough (greater than the screw diameter) to utilize this technique. Risks of VA injury at the VA groove might be higher in patients with small posterior arches. In the notch method, the caudal part of the C1 posterior arch, which often overhangs the lateral mass, is removed to facilitate the screw trajectory and visualization of the lateral mass. The notch method is most often applicable and may be useful in patients who have smaller lateral masses, such as Japanese individuals.

Precise preoperative evaluation of the bony anatomy and the course of the VA can be performed on bone CT and 3D-CT angiography to determine the surgical method and facilitate safe screw placement. This includes the shape and height of the lateral masses; thickness of the C1 posterior ach; variations in the bone anatomy, such as ponticulus posticus; or an anomalous VA, such as the 1^st^ intersegmental artery or fenestration of the VA ([Fig. 3A](#F3){ref-type="fig"}).

The surgical procedures can be described briefly. The posterior atlanto-axial membrane attached to the C1 posterior arch is dissected under a microscope from the medial to the lateral side, preserving the epidural venous plexus. Maintaining a subperiosteal plane of dissection is important to avoid venous bleeding. The C1 lateral mass is exposed by retracting the venous plexus and the C2 nerve root caudally. When sufficient space for screw insertion is obtained, the screw is inserted directly into the lateral mass (Goel-Harms method). The screw entry points are opened with a 2-mm high-speed drill. Then, a pedicle probe is inserted into the lateral mass and aimed at the C1 anterior arch. A hand drill is used when the bone is too hard for probing. The drilled holes are then tapped for screws, and the screws are inserted into the lateral mass. A previous study of implanted screws indicated that screws that obtained bicortical purchase showed greater strength ([Fig. 3C](#F3){ref-type="fig"}). When the C1 posterior arch is overhanging, part of the arch is removed to widen the space available for inserting screws (notch method). If the space available for screw placement is limited by the C2 nerve root, then the nerve root is resected. In the series of 80 lateral mass screw insertions I performed, the notch method was used in 70%, the Goel-Harms method in 20%, and the Tans's method in 10%. The C2 nerve root resection was necessary in 16% of these procedures to obtain space for screw insertion.

#### ii.. C2 pedicle screw

The C2 pedicle is defined as the portion of the C2 vertebra that is beneath the superior facet and anteromedial to the transverse foramen.^[@B33],[@B34]^ For the C2 anchor, the C2 pedicle screw is considered most rigid. Therefore, it is indicated first among the C2 anchor screws. However, an anatomical study reported that the size of the pedicle was less than 3.5 mm in as many as 20% of patients,^[@B35]^ and this technique was not applicable in those patients. The size and direction of the pedicle varies widely in each patient; therefore, preoperative evaluation on reconstructed CT is important to determine the indication of this method and the screw trajectory. The use of navigation is also recommended.

First, the C1/2 lateral joints are exposed under a microscope beneath the C2 nerve root, preserving the surrounding venous plexus. The articular cartilage is curetted and removed to induce facet fusion. Furthermore, bone chips may be inserted into the joint space to facilitate fusion. The medio-superior border of the dorsal pedicle and the ventral direction of the pedicle are identified using a micro-dissector. The standard entry point for the pedicle screw is a few millimeters lateral to the medial border of the pedicle at the upper border of the lamina, but it should be determined in each patient based on preoperative radiographic evaluation.^[@B36]^ The entry point at the posterior cortex is marked with a high-speed drill, and a pedicle probe is inserted along the screw trajectory under fluoroscopic and navigation guidance. The insertion angle is usually 15--25° medially and in a slightly cephalad direction. The drilled holes are tapped, and the screws are inserted. Bicortical purchase of screws is recommended ([Fig. 3D](#F3){ref-type="fig"}). When the internal carotid artery is located medially, there is a danger of injury from the screw tip.

#### iii.. Translaminar screw

As mentioned previously, pedicle screws are not indicated in all cases, particularly when the patients have a high-riding VA or a small diameter pedicle. In such cases, translaminar screws should be considered ([Fig. 4D](#F4){ref-type="fig"}). This technique was first reported by Wright in 2004.^[@B30]^ Because the diameter of the C2 lamina is usually large enough for 3.5 mm or 4.0 mm screws, the translaminar screw can be used as an anchor in most cases. A biomechanical study indicated that the stability of translaminar screws was similar to that of pedicle screws.^[@B37]^ The advantages of this technique include: (1) wider indications, (2) little risk of VA, (3) technical simplicity, and (4) no need of fluoroscopy. In contrast, the disadvantages include: (1) biomechanically inferior to the pedicle screw and (2) difficulty in connection with the C1 lateral mass screw via interposed rods. Postoperative laminar fracture also has been reported.

The diameter of the lamina, the direction and length of the screw, and the best entry point are evaluated on preoperative CT. First, the screw entry point is created at the junction of the C2 spinous process and lamina with a high-speed drill. Then, a pedicle probe or a hand drill is inserted into the contralateral lamina inside the medullary substance between the two cortices. A small ballprobe is then used to palpate the length of the hole to verify that there are no cortical violations in the spinal canal. A longer screw, usually 28--30 mm, is recommended because of its strength ([Fig. 4D](#F4){ref-type="fig"}). In the series of C1 lateral mass and C2 anchor screw fixations I performed, the pedicle screw was the first choice and the translaminar screw the second. The translaminar screw was used as a C2 anchor in 24 patients, 83% of the patients had unilateral use and only 17% had bilateral use.

#### iv.. C2 pars screw

The C2 pars screw is an anchor screw placed at the pars interarticularis. The C2 pars is the portion of the C2 vertebra that connects the superior and inferior articular facets.^[@B33]^ However, the definition of the pars interarticularis is ambiguous and often confused with the pedicle in C2 because of its unique morphology compared to other cervical spines.^[@B34]^ Therefore, the pars screw is usually considered a short screw penetrating only to the posterior cortex because it stops just dorsal to the pedicle or VA groove. The screw entry point is a few millimeters rostral and lateral to the inferior medial aspect of the C2 inferior facet, and the screw stops short of the joints behind the pedicle. Because the screw length is short (typically 12--18 mm), it may be the weakest anchor among the three types of anchor screws. Therefore, the pedicle or the translaminar screw was predominantly indicated in my series.

#### v.. Rod connection and bony fusion

After the anchor screws are placed at C1 and C2, the two screws are connected via a rod. First, the rod should be cut to the appropriate length. A rod that is too long might damage the occipital bone with movement of the atlanto-occipital joints. Connecting the C1 lateral mass screw and the C2 pedicle or the pars screw are usually achieved without difficulty. However, the connection between the C1 lateral mass and the translaminar screws is more difficult to achieve because the location of each screw head differs in both the coronal and sagittal planes. Connection is usually performed via a bent rod or with an offset connector ([Fig. 4A](#F4){ref-type="fig"}). Dislocation can be reduced by using a persuader. For anterior dislocation of the atlas over axis, the rod is fixed to the C2 anchor screw head with a setscrew, keeping a space for reduction between the rod and the C1 lateral mass screw. Then, reduction is performed by pulling back the C1 screw toward the rod position using a persuader device.

Bone implantation is usually performed with an interlaminar strut iliac bone graft. When the C1 posterior arch is defective or weak for reasons including post-decompression or fracture, facet fusion at the C1/2 lateral joint is attempted as described above.

### III.. O-C fixation

O-C fixation is a method for fusing the occipital bone and the cervical spine, which results in severe restriction of head movement after surgery. Therefore, the indication of this method should be restricted to patients who have O-C instability. A significant number of patients with atlanto-axial instability who were not candidates for atlanto-axial fixation underwent O-C fixation. This was mainly because of the technical difficulties in C1--2 fixation, such as a high-riding VA and defects of the C1 posterior arch. Interestingly, the indications for O-C fixation have decreased markedly after the C1 lateral mass-C2 screw-rod fixation method was introduced because C1--2 fixation has become possible in most patients with atlanto-axial instability. At our institute, the ratio of patients undergoing O-C fixation and C1--2 fixation was 3:1 in 38 patients between 1996 and 2003, which was during the era in which the C1/2 transarticular screw (Magerl's) method was commonly used, but this ratio reversed to 1:3 in 43 patients between 2007 and 2014, which was during the era in which the Goel-Harms-Wright method was commonly used.

In the late 1980s, the standard method for performing O-C fixation included a contoured rod and wiring system, such as the Ransford loop.^[@B38],[@B39]^ In this method, a pre-shaped titanium rod is contoured according to the O-C angle. Then, the rod is fixed to the occipital bone using a titanium wire cable passed through the occipital bur holes and to the cervical lamina by sublaminar wiring. This technique provides immediate, semi-rigid fixation of the CVJ. The disadvantage of this technique is an increased susceptibility to axial compression loads producing vertical subsidence. This increased susceptibility can be caused by the rods sliding through the wires, which can result from wire loosening, bone atrophy, or erosion at the interface between the wire and the bone. The techniques of O-C fixation have evolved in the last 20 years, during which the rod and screw systems were introduced.

**Rod and screw system:** The Olerud Cervical System, which was introduced in 1997, was the first rod and screw system for O-C fixation.^[@B40]^ The contoured rod was connected to the various monoaxial anchor screws at the cervical spine, such as the subaxial lateral mass, transarticular and pedicle screws, the C2 pedicle, C2 translaminar, or C1/2 transarticular screws ([Fig. 5](#F5){ref-type="fig"}). Then, the rod was fixed to the occipital bone with occiput screws. Rigid fixation at the CVJ was achieved with this instrumentation system. However, connection of the rod and each monoaxial anchor screw was often so complicated and time consuming that special offset connectors were used ([Fig. 5A](#F5){ref-type="fig"}). Fortunately, new polyaxial screw systems have become available and allow easier connections between the rod and the screw ([Figs. 6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}).^[@B41]^ Midline suboccipital screws, which can achieve bicortical purchase, were reported to have the greatest strength.^[@B42]^ The combination of paramedian screws and midline screws is biomechanically stronger for axial rotation. As a result of the introduction of stronger C2 anchor screws, such as the pedicle or the translaminar screws, shorter fixations between the occipital bone and C2 have become possible, except when there is instability below C2/3.^[@B43],[@B44]^

**Postoperative dysphagia and/or dyspnea:** Postoperative dysphagia and dyspnea are rare complications after O-C fixation. However, they cause serious problems for daily living. Several mechanisms have been proposed for such complications, including changes in cervical alignment, pharyngeal edema, and an enlarged tongue.^[@B45]--[@B47]^ Neo's group has clarified one of the mechanisms of postoperative dysphagia and dyspnea after O-C fixation.^[@B48],[@B49]^ The occipito-C2 angle, which is the angle between McGregor's line and the inferior endplate line of C2, showed a positive correlation with the sagittal diameter of the narrowest oropharyngeal air space, suggesting that fixation with a decreased lordotic occipito-C2 angle induces dysphagia or dyspnea. The narrowest oropharyngeal air space and postoperative dyspnea or dysphagia did not change after a mean follow-up period of 45 months once the O-C2 angle had been established at the O-C fusion. They further indicated that reduction of the anterior atlanto-axial subluxation had negative effects on the oropharyngeal airway space, and therefore, reduction of the anterior AAS might cause postoperative dysphagia or dyspnea, despite maintenance of the O-C2 angle.^[@B50]^ Careful attention should be paid to the sagittal occipito-C2 angle in patients with O-C fixation.

Conclusion
==========

The surgical approaches for stabilization methods of CVJ are complicated and vary widely. The anterior odontoid screw fixation technique is a useful method for restoring stability after an odontoid fracture while maintaining axial rotation. However, the indications for this technique are relatively limited. The posterior approaches are further classified as atlanto-axial fixation or O-C fixation. Spinal instrumentation using anchor screws and rods has become a popular method and a substitute for previous methods that use bone grafts and wiring because it has greater stability and a higher success rate of fusion. There are a variety of anchor screws available, including C1/2 transarticular, C1 lateral mass, C2 pedicle, and translaminar screws. An appropriate anchor screw should be selected by considering factors such as the technical feasibility, safety, and strength. Shorter fixation has become possible with these stronger anchor screws.

![Anterior odontoid screw fixation. A, B: Intraoperative photographs showing biplane image setting (A) and oblique skin incision (B). C, D: Cervical radiograph, anterior-posterior view (C), lateral view (D). E: Midsagittal computed tomography reconstruction. *Arrow* shows the drilled region of the superior central portion of the C3 vertebral body.](nmc-56-465-g1){#F1}

![C1/2 transarticular screw fixation with interlaminar bone grafting and wiring (Magerl's) method. A: Lateral cervical radiograph, B: three-dimensional computed tomography reconstruction, C: intraoperative photograph.](nmc-56-465-g2){#F2}

![C1 lateral mass and C2 pedicle screw fixation (Goel-Harms) method. A: preoperative 3D-CT angiography, showing bilateral vertebral artery fenestration; B: lateral cervical radiograph, C, D: axial CT showing the bilateral C1 lateral mass screws (C) and the C2 pedicle screws (D).](nmc-56-465-g3){#F3}

![C1 lateral mass and C2 screw fixation using the translaminar screw (Goel-Harms-Wright method). A--D: Lateral cervical radiograph (A), axial computed tomography showing the bilateral C1 lateral mass screws (B), the C2 pedicle screw (C), and the translaminar screw (D).](nmc-56-465-g4){#F4}

![Occipito-cervical fixation using the monoaxial screw and a rod system (Olerud cervical system). A: Intraoperative photographs showing the rod, screws, and offset connectors, B: lateral cervical radiograph.](nmc-56-465-g5){#F5}

![Occipito-cervical fixation using the polyaxial screws and rod system. A: Lateral cervical radiograph, B: 3D-CT reconstruction oblique view, and C: posterior view showing grafted bone chips around the screws and rods.](nmc-56-465-g6){#F6}

![Occipito-cervical fixation using the polyaxial screw and rod system, using bilateral C2 translaminar screws as the C2 anchor. A: Cervical radiograph lateral view, B: anterior-posterior view. C, D: Axial computed tomography showing bilateral C2 translaminar screws.](nmc-56-465-g7){#F7}
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